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Unlike mammals, zebraﬁsh can regenerate their injured spinal cord and regain control of caudal tissues.
It was recently shown that Wnt/b-catenin signaling is necessary for spinal cord regeneration in the larval
zebraﬁsh. However, the molecular mechanisms of regeneration may or may not be conserved between
larval and adult zebraﬁsh. To test this, we assessed the role of Wnt/b-catenin signaling after spinal cord
injury in the adult zebraﬁsh. We show that Wnt/b-catenin signaling is increased after spinal cord injury
in the adult zebraﬁsh. Moreover, overexpression of Dkk1b inhibited Wnt/b-catenin signaling in the
regenerating spinal cord of adult zebraﬁsh. Dkk1b overexpression also inhibited locomotor recovery,
axon regeneration, and glial bridge formation in the injured spinal cord. Thus, our data illustrate a
conserved role for Wnt/b-catenin signaling in adult and larval zebraﬁsh spinal cord regeneration.
Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).1. Introduction
Spinal cord injury can lead to severe disabilities in mammals,
including loss of motor function caudal to the injury site. Further-
more, mammals are unable to regenerate their spinal cords after
injury. Unlike mammals, the zebraﬁsh Danio rerio possesses a
remarkable ability to regain locomotor function after spinal cord
injury. Zebraﬁsh are able to generate new motor neurons from
progenitor populations in the spinal cord and also extend axons
through the lesion site to form synapses caudal to the injury site
[1,2]. The process of axon regeneration also relies on the formation
of bipolar glia, which act as scaffolds for the axon to move through
the injury site [3]. Understanding the mechanisms governing
zebraﬁsh regeneration could provide insight into developing ther-
apies for the treatment of spinal cord injury.
The regenerative potential of animals generally decreases with
age. For example, in frogs fully patterned limb regeneration occurs
through stage 51, but this ability is diminished and eventually lost
by stage 58 [4]. Furthermore, neonatal mice are capable ofst transection; HS Dkk, Heat
no heat shock.
gy, University of Washington,
access article under the CC BY licregenerating cardiomyocytes after injury, but lose the ability to
regenerate by 7 days old [5].
Zebraﬁsh are capable of regenerating multiple tissues, including
the spinal cord and ﬁn, during both larval and adult stages.
Furthermore, many of the cellular changes associated with regen-
eration are conserved between larvae and adults; for example,
formation of the glial bridge that is necessary for axon elongation
through the lesioned area of regenerating spinal cords [3,6].
However, the degree of conservation of the molecular mechanisms
that govern regeneration at different developmental stages is un-
clear. For example, although Wnt/b-catenin signaling and retinoic
acid signaling are involved in ﬁn regeneration in larvae and adults,
differences in gene expression between regenerating ﬁns at
different ages argue that there may be differences in activation of
other signaling pathways [7e10].
We analyzed the role of Wnt/b-catenin signaling in spinal cord
regeneration in zebraﬁsh. Previous work demonstrated that
exposing larval zebraﬁsh to the small molecule IWR1 inhibits Wnt/
b-catenin signaling in the injured spinal cord and prevents axon
elongation through the injury site [6]. However, it is not known
whether Wnt/b-catenin signaling is required for adult spinal cord
regeneration. We found that Wnt/b-catenin mediated transcription
was increased in the regenerating spinal cord using transgenic ﬁsh
with a b-catenin reporter. Moreover, expression of the gene
encoding the Wnt ligand Wnt4b was increased after spinal cordense (http://creativecommons.org/licenses/by/4.0/).
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tein Dkk1b after spinal cord transection inhibited activation of the
b-catenin reporter in the spinal cord, as well as locomotor recovery,
axon regeneration, and glial bridge formation. Thus, our work
provides evidence for the conservation of signaling mechanisms
involved in spinal cord regeneration of animals at different devel-
opmental stages.
2. Materials and methods
2.1. Zebraﬁsh strains and heat shock protocol
We used zebraﬁsh (Danio rerio) of either sex from the following
lines: wild-type AB, heterozygous Tg(7xTCF-Xla.siam:mCherry)ia5
[11] to visualize b-catenin responsive cells, heterozygous
Tg(Hsp70l:Dkk1b-GFP)w32 [8] to inhibit b-catenin signaling, and
Tg(7xTCF-Xla.siam:mCherry)ia5 crossed with Tg(Hsp70l:Dkk1b-
GFP)w32 to monitor b-catenin responsive transcription after Dkk1b
overexpression. Dkk1b induction was achieved by exposing
Tg(Hsp70:Dkk1b-GFP) and age-matched wild type ﬁsh to water
slowly increased from 28 C to 37 C. Fish remained at 37 C for
60 min, and were slowly brought back to normal water tempera-
ture. Fish were exposed to heat shock at 4 h prior to surgery and
resumed daily heat shocks at 2 days post surgery. All experiments
were approved and conducted in accordance with University of
Washington Institutional Animal Care and Use Committee (IACUC)
protocol 2057-01 guidelines.
2.2. Zebraﬁsh Spinal Cord transection
Spinal cords of zebraﬁsh were transected as previously
described [1]. Brieﬂy, zebraﬁsh greater than 3 months old of either
sex were anesthetized in 0.017% buffered tricaine methanesulfo-
nate (MS-222) in ﬁsh tank water until respiratory movements of
the opercula stopped (2e5 min). At a point halfway between the
operculum and the dorsal ﬁn (at approximately the 8th vertebrae),
an incision was made through the muscle layer and the vertebral
column was exposed via retracting the muscle. The vertebral col-
umn was cut with microscissors before sealing the wound with a
drop of vetbond (3 M, St. Paul, MN). The gills of the ﬁsh were
ﬂushed in a tank of ﬁsh water by pufﬁng water past the gills with a
3 mL plastic transfer pipette. Fish resumed breathing within a few
seconds and were monitored throughout recovery for signs of pain
(e.g. clamped ﬁns, distressed breathing). Fish exhibiting signs of
pain were euthanized in an overdose of tricaine methanesulfonate
(MS-222) in ﬁsh tank water.
2.3. Immunohistochemistry
Zebraﬁsh, 0, 3, 14, or 21 dpi, were euthanized in an overdose of
buffered tricaine methanesulfonate (MS-222) in ﬁsh tank water.
The spinal cord was removed and preserved in 4% para-
formaldehyde in ethanol overnight at 4 C. Samples were washed
with phosphate-buffered saline (PBS) and sunk in 10% sucrose for
2 h, followed by 30% sucrose overnight at 4 C. Samples were frozen
in O.C.T. (Tissue-Tek, VWR #25608-930, Radnor, PA) at 80 C, and
sectioned at 20 mM transversely or longitudinally and adhered to
Superfrost Plus slides (VWR, Radnor, PA) overnight at 40 C. Rabbit
anti-GFAP antibody (Dako, Z0334; 1:500, Carpinteria, CA), and
mouse acetylated a-tubulin antibody (Sigma Aldrich, T6793; 1:500,
St Louis, MO) were added to blocking buffer (0.5% Triton X-100, 5%
goat serum, 0.5% BSA in PBS-Tween). After blocking slides for 1 h at
room temperature, samples were incubated in antibody solution
overnight at 4 C. Samples were washed in PBS six times for 20 min
with gentle shaking, and then stained with goat anti-mouse AlexaFluor 568, goat anti-mouse 633, goat anti-rabbit 488, secondary
antibody (Thermo Fisher Scientiﬁc, A11031, A31574, and A11034;
1:1000, Waltham, MA) for 1 h at room temperature. After 6 more
washes with PBS, the slides were sealed with a coverslip with
Prolong Gold Antifade Reagent (Thermo Fisher Scientiﬁc, Waltham,
MA).
2.4. Cell counting
Slides were analyzed for mCherry þ cells, identiﬁed by coloc-
alization of mCherry ﬂuorophore and DAPI. Transverse sections
within 1 mm of the injury site were used for quantiﬁcation.
2.5. Quantitative PCR
Zebraﬁsh, 4 h, 3, or 14 days post transection, were euthanized in
an overdose of buffered tricaine methanesulfonate (MS-222) in ﬁsh
tank water. Spinal cords were excised from the ﬁsh 1 mm rostral
and caudal from the transection site, collecting the regenerating
tissue into pools of n  3 spinal cords per group. Samples were
homogenized and lysed with Trizol to extract RNA and cDNA was
synthesized via RevertAid cDNA kit (Thermo Fisher Scientiﬁc,
Waltham, MO). Quantitative PCR was run on a Roche LightCycler
480. All samples were normalized to b-actin levels and compared to
18s normalization. Primers used: bactin F (GGTATGGGACAGAAA-
GACAG), bactin R (AGAGTCCATCACGATACCAG), 18s F (CGCTATTG-
GAGCT GGAATTACC), 18s R (GAAACGGCTACCACATCCAA),
wnt4b F (AAGGCTTCAGAGATGGTCATCG), wnt4b R
(AGAATGCAACGCCGTAGGACAG).
2.6. Free swim analysis
Swimming capability was quantiﬁed at 14 and 28 days post
injury by analyzing the total distance swum over a 5 min timespan.
Fish were placed in a brightly illuminated tank ﬁlled with tank
water (5 cm deep, 27 C) and recorded from above. The resulting
ﬁles were then analyzed by Tracker software (Cabrillo.edu/
~dbrown/tracker) to calculate distance traveled in cm.
2.7. Locomotor analysis
Locomotor analysis was performed with a swim score modiﬁed
from a previous publication [3]. Fish were scored blindly based on
swimming ability between 1 and 6; 1, ﬁsh is lying on its side on the
bottom of the tank; 2, ﬁsh is upright and can swim forward and
backward; 3, ﬁsh is able to turn by making jerky movements to
move tail in line for next set of forward movements; 4, ﬁsh regains
movement caudal to the injury site, but still swims primarily by
head and pectoral ﬁn movements; 5, ﬁsh is swimming by utilizing
caudal ﬁn but shows noticeable differences from an uninjured ﬁsh;
6, swimming is indistinguishable from uninjured ﬁsh.
2.8. Image acquisition and processing
Fluorescent images of sections were taken on a Nikon A1
confocal system attached to a Nikon Ti-E inverted microscope with
NIS-elements software. ImageJ was used to merge different chan-
nels and ﬁgures were assembled using Adobe Photoshop CS3.
2.9. Statistics
Quantiﬁcations were done as indicated in the individual sec-
tions. All quantiﬁcations were done blinded to the experimental
group. All comparisons of 2 variables were analyzed using a T test,
while groups of 3 or more were analyzed using a one-way ANOVA
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was analyzed with a Kruskal-Wallis test, and free swim analysis,
which was analyzed by a two-way ANOVAwith repeatedmeasures.
All statistics were calculated using Graphpad Prism Version 5.01 for
Windows (Graphpad Software, San Diego, CA). Signiﬁcance was
assessed as p < 0.05, and is indicated via asterisks. Bar and line
graphs all show means with error bars representing standard error
of the means (SEM). The number of ﬁsh used in each experiment is
indicated in the appropriate ﬁgure legend.3. Results
3.1. Wnt/b-catenin signaling is increased after spinal cord
transection in adult zebraﬁsh
To assess whether Wnt/b-catenin signaling increases after spi-
nal cord injury, we used transgenic zebraﬁsh with a ﬂuorescent
reporter of b-catenin-mediated transcription, Tg(7xTCF-Xla.-
siam:mCherry)ia5 ﬁsh [11], heretofore referred to as Siam:mCherry
ﬁsh. We cut the epidermis and musculature of the body wall and
transected the spinal cord at approximately the 8th vertebrae
(transected ﬁsh). For controls, we used ﬁsh that did not undergo
operation (uninjured) or those in which only the body wall was
opened (sham).We euthanized ﬁsh at 0, 3,14, or 42 days post injury
(dpi) and quantiﬁed the number of cells with Siam:mCherry re-
porter activation in transverse sections less than 1 mm from the
lesion site. We found that the number of Siam:mCherry-positiveFig. 1. Wnt/b-catenin signaling is increased after spinal cord injury. (A) Representative imag
that were used for quantiﬁcation of mCherry þ cells. Graph shows the quantiﬁcation of mChe
relative abundance of wnt4b transcripts as measured by using quantitative PCR from samp
sentative images of Siam:mCherry x Hsp70l:Dkk double transgenic ﬁsh at 3 dpt. Graph show
asterisk marks central canal. *p < 0.05; scale bar, (A, C) 100 mm; n  5 for (A), n ¼ 3 for p
mean ± St Dev. (For interpretation of the references to colour in this ﬁgure legend, the reacells increased after injury in sham and transected ﬁsh (Fig. 1A).
However, by 14 dpi, there were more Siam:mCherry-positive cells
in transected ﬁsh compared to sham ﬁsh (Fig. 1A). By 42 dpi, the
number of Siam:mCherry-positive cells in both sham and trans-
ected ﬁsh was not different from uninjured ﬁsh. These data suggest
that b-catenin mediated transcription is transiently increased after
spinal cord injury in adult zebraﬁsh.
To determine if the increase in b-catenin mediated transcription
was related to Wnt ligand binding, we analyzed the expression of
Wnt ligand genes in the spinal cords of sham and transected ﬁsh.
We found that wnt4bwas increased in transected ﬁsh compared to
sham ﬁsh at 3 and 14 dpi (Fig. 1B), consistent with large scale gene
expression analyses of injured zebraﬁsh spinal cords [12,13]. Thus,
this observation suggests that Wnt ligand binding may be required
for the increase in b-catenin reporter activity after spinal cord
injury.
To determine if ligand-mediated activation of Wnt receptors is
required for b-catenin reporter activity after spinal cord injury, we
overexpressed Dkk1b, a secreted inhibitor of Wnt binding to LRP6
[14]. We used transgenic ﬁsh (Tg(Hsp70l:Dkk1b-GFP)w32) with a
heat-inducible promoter driving expression of Dkk1b [8], hereto-
fore referred to as Hsp70l:Dkk ﬁsh. Using Hsp70l:Dkk ﬁsh,
Siam:mCherry double-transgenic ﬁsh, we found that ﬁsh with
Dkk1b overexpression induced by daily heat-shock starting 4 h
before spinal cord transection (HS Dkk) showed fewer mCherry-
positive cells at 3 and 14 days post transection (dpt) compared to
heat shock WT (HS WT) (Fig. 1C). This observation suggests thates of Tg(7xTCFxla.siam:mCherryNLS) ﬁsh after sham surgery or spinal cord transection
rry þ nuclei at the indicated times. Green asterisk marks central canal. (B) Graph of the
les of spinal cords collected at the indicated times after spinal cord injury. (C) Repre-
s the quantiﬁcation of mCherry þ nuclei times at indicated times and genotypes. Green
ooled samples in (B), n  3 for (C). Graphs (A, C) show mean ± SEM, graph (B) shows
der is referred to the web version of this article.)
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subset of cells.3.2. Wnt/b-catenin signaling is necessary spinal cord regeneration
in adult zebraﬁsh
Because overexpression of Dkk1b inhibited b-catenin reporter
activity after spinal cord injury, we tested if overexpression of
Dkk1b inhibited functional recovery after spinal cord injury. We
performed a free swimming test on injured ﬁsh by measuring the
total distance swum in 5 min in the absence of water ﬂow, aversive
stimuli, or other external cues. We found that HS WT ﬁsh showed
an increase in distance swum between 14 and 28 dpt, whereas HS
Dkk ﬁsh did not (Fig. 2A).Fig. 2. Wnt/b-catenin signaling is necessary for locomotor recovery after spinal cord injury.
change in distance swum between 14 and 28 dpt. (B) Swim score analysis of No HS, HS WT, a
Dkk ﬁsh at 21 dpt. (D) GFAP staining in No HS, HS WT, and HS Dkk ﬁsh at 14 dpt. White arrow
for (A, B, D), n  3 for (C). Graphs show mean ± SEM.We also assessed swimming phenotypes using a modiﬁed
version of a semi-quantitative method that correlates with axonal
regeneration through the lesion site in spinal cord transected ﬁsh
[3].We observed a lower swim score after spinal cord transection in
HS Dkk ﬁsh compared to HS WT or no heat shock (No HS) control
ﬁsh at 14 and 28 dpt (Fig. 2B). These data suggest that Dkk1b
overexpression inhibits functional recovery in adult zebraﬁsh.
The ability to recover swimming function correlates with axon
regeneration in the spinal cord [15]. Thus, we predicted that Dkk1b
overexpression was inhibiting axon regeneration through the
injury site. Acetylated tubulin labels regenerating axons in the
injured zebraﬁsh spinal cord [6]. We observed acetylated tubulin
staining in the lesion site of both No HS and HS WT ﬁsh at 21 dpt,
but did not observe robust acetylated tubulin staining in HS Dkk(A) Free swimming behavior HS WT and HS Dkk ﬁsh at 14 and 28 dpt, including mean
nd HS Dkk ﬁsh through 28 dpt. (C) Acetylated tubulin staining in No HS, HS WT, and HS
heads indicate glia with bipolar morphology. *p < 0.05; scale bar, (C, D) 100 mm; n  5
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axonal regeneration.
Axonal regeneration in the injured zebraﬁsh spinal cord requires
the formation of bipolar glia in the lesion site [3]. Thus, we labeled
14dpt spinal cords for GFAP, a marker of glia. We observed an
abundance of GFAP-positive cells with bipolar morphology in
lesioned area of the spinal cord in No HS and HSWT ﬁsh, but not in
HS Dkk ﬁsh (Fig. 2D). Thus, these data suggest that Wnt/b-catenin
signaling is necessary for locomotor recovery after spinal cord
injury and may play a role in deﬁning the cell architecture neces-
sary for spinal cord regeneration.
4. Discussion
The work presented in this study show that Wnt/b-catenin
signaling is increased after spinal cord injury, and that over-
expression of Dkk1b inhibits Wnt/b-catenin signaling and func-
tional recovery after spinal cord injury in adult zebraﬁsh. This is
consistent with the ﬁndings in the larval zebraﬁsh, providing evi-
dence for the conservation of regenerative mechanisms between
the developing zebraﬁsh and the adult zebraﬁsh [6]. This work also
suggests that b-catenin signaling may be necessary for the forma-
tion of bipolar glia, which merits further study.
Understanding the mechanisms of spinal cord regeneration in
zebraﬁsh could lead to the identiﬁcation of molecular targets to
enhance regeneration after mammalian spinal cord injury. For
example, Fgf treatment induces bipolar glia formation and
improved function after spinal cord injury inmice, similar to its role
in zebraﬁsh spinal cord regeneration [3,16]. The use of adult
zebraﬁsh to study spinal cord regeneration offers numerous ad-
vantages, but also possesses limitations compared to a larval spinal
cord injury model, including a longer recovery time and lack of
optical transparency. Our work demonstrates a conserved molec-
ular mechanism in larval and adult zebraﬁsh spinal cord regener-
ation, providing evidence that larval spinal cord regeneration is
relevant to adult spinal cord regeneration. Furthermore, recent
work identiﬁed E2F4 as being increased after spinal cord regener-
ation in adult zebraﬁsh, and that inhibition of E2F4 inhibited spinal
cord regeneration in larval zebraﬁsh [17]. This study demonstrates
conservation of genes regulated after spinal cord injury in adult
zebraﬁsh being necessary for functional recovery in a larval model
of spinal cord injury, which complements the approach we took,
starting from a larval model and extrapolating it to function in an
adult. These approaches could expand our knowledge of zebraﬁsh
spinal cord regeneration and accelerate our ability to identify po-
tential regulators of spinal cord regeneration in mammals.
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